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Abstract 
 
Concrete structures in coastal areas are exposed to sever 
environmental conditions, such as high temperature and humidity, which 
influence strength, durability and behavior.  
This work is intended to represent and investigate the deterioration 
of concrete structures in Port Sudan, review and study the methods of 
repair used in Port Sudan and evaluate their effectiveness as well as 
suggest the proper procedure to avoid deterioration in new constructions 
at the design, and construction stages, and suggest the proper repair 
methods.  
The study reviewed durability of concrete and the causes of deterioration 
in concrete structures and how they can be prevented as well as diagnosis 
of causes and methods of repair.  
The study defined the problem by constructing a questionnaire 
which showed that (41.76%) of samples were deteriorated structures, and 
Althaora, Hadal and Hialkhaleeg are the most affected regions. Corrosion 
of steel reinforcement is a major cause of concrete deterioration where 
(75.5%) of deteriorated samples showed cover spalling, and (66.67%) 
presented longitudinal cracks parallel to reinforcement steel. Slabs were 
the most affected members (76%), while columns were (38%) and walls 
(64%).  
(68.89) of the rehabilitation was improper and this lead to annual repair 
where (55.6%) of rehabilitation was repeated 4 to 6 times in the last 10 
years.         
Three building have been taken from the most affected regions; 
and the corrosion damage was investigated and diagnosed by visual 
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assessment, field test and laboratory test. Source of constituent material 
(fine aggregate and water), and soil form foundation were tested also, so 
as to support the field test. It shows as follow: Chloride ion and 
carbonation process are direct reasons of concrete corrosion damage as 
result of poor construction quality, low strength and inadequate cover to 
preventing the harmful environment and this is clear from comparing it 
by British Standard Specification (BS8110). 
The study  recommends to ensure durability of concrete structures 
under the harmful environment, care must be taken in construction, 
especially cover depth, concrete density, and concrete placing as stated in 
British Standard Specification (BS8110). Also sulphate resistant cement 
should be used in foundations, as well as taking some other preventive 
measures.  
The study also recommends for future study of the behavior of 
different admixture use for concrete in Red Sea area. In addition to that 
new techniques should be used in preventing corrosion such as using bar 
coating by epoxy resins and Fiber reinforced polymers (FRP) as 
reinforcement.              
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Chapter One 
Introduction  
 
1.1 General  
 
The problem of the deterioration of reinforced concrete structures has 
been widely investigated and studied all around the world, despite of this 
improvement of knowledge for the deterioration process, still a considerable 
number of failures occurred in reinforced concrete structures. In Sudan there is 
lack of studies in this field.  
This research reviews the durability of concrete, methodology of 
deterioration study, method of repair as well as presenting the suffered concrete 
structures in Port Sudan and study the problem by taking three case studies from 
different regions in Port Sudan.  
 
1.2 Objectives 
   
The objectives of this work can be summarized as follows:  
• To study and review the causes of deterioration in concrete 
structures and how they can be prevented. 
• To study the methods and steps of assessing deteriorated 
structures and deciding about their strength and safety.  
• To carry investigations on deteriorated concrete structures 
problems at Port Sudan.  
• Review and study the methods of repair used in Port Sudan and 
evaluate their effectiveness.  
• Take three deteriorated structures at Port Sudan as case studies 
to determine the reasons of deterioration. 
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• Suggest the proper procedure to avoid deterioration in new 
constructions at the design stage and construction stage, and 
suggest the proper repair methods.  
 
1.3 Organization of the Thesis  
This thesis contains six chapters and three appendices. 
Chapter One presents an introduction to concrete construction in general, 
objectives of thesis, and thesis organization. Chapter Two discusses the 
constituent materials and durability of concrete.  
Chapter Three includes causes of deterioration and methods of repair. 
The results of questionnaire and case studies at Port Sudan are covered in 
Chapter Four. Chapter Five presents analysis and discussion of results. Finally, 
Chapter Six includes conclusions and recommendations. Samples of 
questionnaire and test results are added in appendix A, standard specification 
form BS8110 is shown in appendix B.  
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Chapter Two 
Literature Review 
 
2.1 Introduction:  
Corrosion of steel reinforcement is major cause of concrete deterioration in civil 
engineering, particularly in the marine environment. This due to the extremely 
environment which involves exposures to chlorides at elevate ambient 
temperature. 
The problem was investigated widely in world but in Sudan there is lack of 
study, therefore this chapter consists of review the international investigation of 
problem includes, case study in Croatia and China as well as some paper from 
the conference proceeding in Bahrain and Saudi Arabia, also chapter contain the 
durability of concrete. 
 
2.2 International Investigation 
2.2.1 Case study-corrosion Monitoring in Marine Environment in Croatia: 
                     This case study by prof  Dubrarka Bjegovic, Faculty of Civil 
Engineering, University of Zagreb. Case happened in the yacht marine split, Croatia 
where the reinforced concrete structure was exposed to very aggressive marine 
environment, the structure was composed of reinforced concrete element (columns) 
and prestressed reinforced concrete elements (beams and T-girders) and it was built 
in the early seventies. During year 2001 the investigation was performed include 
visual inspection which showed spalling of concrete cover was visible on many 
places on the beams, and also significant corrosion damages of the reinforcement. 
Also six drilled concrete core testing and chemical analysis showed, the concrete 
heavily contamined by chlorides to a depth much deeper than reinforcement 
position. The chloride content was multiple greater than the threshold of 0.4% by 
weight of cement. Value of PH factor were bigger than 12 on all test specimens. The 
3 
 
  
 
   
result of those testing, the experts had concluded that the serviceability and load 
bearing capacity of the main structure was not properly designed and during building 
process not properly constructed.(Ref 9) 
 
2.2.2 Investigation of corrosion of reinforcement in China: 
  Case of balustrades of lian yun. Harbor west dam, study by Wu 
Shengxing, college of civil Engineering, Hohai University in china. Liain yun 
Harbor west dam is the longest and highest sea-protection project in china, is 
6687.61 min length, the construction period is 8 years and it was completed on 
8th December of 1993. 
Though the balustrades under marine environment are used no more than 4 
years, some corrosion damage have occurred on columns, beams, and slab. 
Some bar rusts have speed on some member’s and cracks mainly occur at the 
concrete surfaces have the obvious rule to longitudinal cracks. 
The corrosion damage of reinforcement was investigated by on site and lab 
testing. The investigation includes outlook- check on site, undamage test and 
lab test of on site samples. It shows as follow: chloride ion (Cl ) penetration is 
the direct reason of concrete corrosion damage under marine environment, and 
poor construction quality is the main reason. At the same time the primary 
design is not reasonable. (Ref 10) 
−
     
2.3 Conference Proceedings: 
There are many Conferences organized in Bahrain and Saudi Arabia to 
discusses deterioration and repair of reinforcement in Arab world, contain many 
papers in cases study and methods of repair as well as experimental work in 
admixture to prevent the deterioration when structure subjected to harmful 
environment. We present three papers in this chapter which showed 
investigation and study of the problem.    
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2.3.1 Corrosion- Induced deterioration and of Sea Water intake Structure:- 
         The paper by Khaled kahhaleh from Building Research Center Amman 
Jordan, It Study Corrosion of intake structure located on the southern tip of 
Jordan some 25km from Agaba on the Gulf of Agaba. The structure was 
designed and constructed by international companies and was put in service in 
year 1979. Serious cracking of the longitudinal walls of the intake structure and 
other components in the structure was first reported in 1985. Distress become 
more extensive by the 1987 when action to severe cracking, spalling and 
delamination of concrete        cover and corrosion of reinforcement.  
 Investigation scheme included visual assessment, cover meter survey and 
laboratory testing as well as chemical analysis, the result concluded that the 
main cause of reinforcement corrosion was chloride attack due to ingress from 
the environment. The problem was aggravated by small concrete cover to steel 
which enhanced chloride ingress, high water/cement ratio which increased 
concrete permeability, lack of adequate detailing to arrest thermal stress which 
produced cracking, poor construction joint, and use of sulfate–resisting cement 
which has a lower chloride binding capacity than ordinary Portland cement. 
It was decided that the most reliable method of repair was replacement of 
permeable concrete layer with a high impermeable layer to the level of sound 
concrete which has chlorides level below the permissible. (Ref 5)  
 
2.3.2 Effects of Acids on the Durability of Concrete: 
This paper from conference proceed in Bahrain by A.K. Tamimi from 
university of Paisley, Scotland, it discusses the effects of acids on the concrete 
durability by use two types of admixture, micro silica and Pfa in different 
proportions was exposed to Hydrochloric acid and Sulphuric acid. Concrete 
cylinders made from different combinations of the admixture, were immersed 
into these acids and continuously monitored. Durability of the concrete was 
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assessed by measuring the amount of weight loss (erosion) of the surface matrix 
every week.          The results were compared with control specimens of normal 
concrete without admixture, the study indicated that concrete made with 10% 
micro silica and 60% of Pfa as cement replacement produced a durable concrete 
when exposed to the two acid solutions. (Ref 5) 
2.3.3Feild Studies on the Effect of Salt Contaminated Concrete on 
reinforcement Corrosion and Carbonation:  
This presentation briefly discusses the effect of salt contamined concrete 
on reinforcement corrosion and carbonation by Omer Baghabra form KFUPM. 
Spalling and cracking of concrete due to reinforcement is the major cause 
of reduction in the useful service-life of concrete construction. To minimize this 
problem, alternative construction materials have to be investigated. In this 
investigation the effects of salt contamination in concrete on reinforcement    
corrosion and carbonation was investigated. 
In the first phase, corrosion of four types of reinforcing steel was 
evaluated. In the second phase, effect of salt inclusion on the pH value, 
carbonation and steel corrosion in plain and fly ash concrete was investigated. 
The corrosion activity on stainless steel was found to be many folds lower 
than in the epoxy coated steel, galvanized steel and mild steel. The effect of salt 
contamination on PH and carbonation was observed to be insignificant in both 
fly ash and plain concrete. (Ref 6)         
 
2.4 Durability:  
Durability of concrete is one of its most important properties because it is 
essential that concrete should be capable of withstanding the condition for 
which it has been designed throughout the life of the structure.  
Lack of durability can be caused by external and internal factors. The 
external causes include the effects of environmental and service condition to 
which concrete is subjected, such as weathering, chemical action and wear. The 
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internal causes are the effects of interaction between the constituent material 
such as alkali–aggregate reaction, volume change and permeability.  
In order to produce a durable concrete, care should be taken to select 
suitable constituent materials, and mix must contain adequate quantities of 
materials in proportions suitable for producing a homogeneous and fully 
compacted concrete mass. 
   
2.4.1 Permeability:  
              Permeability refers to ease with which liquids or gases can pass 
through the concrete. Low permeability concrete is an important requirement 
for hydraulic structures and structures subjected to harmful environment, 
because with high permeability, chloride, oxygen and moisture migrate and 
reach reinforcement inducing corrosion. 
             Concrete is inherently a porous material. This arises from the use of 
water in excess of that required for the purpose of hydration, in order to make 
the mix sufficiently workable, and the difficulty of completely removing all the 
air from the concrete during compaction. If the voids are interconnected 
concrete becomes pervious although with normal care concrete is sufficiently 
impermeable for most purposes. Concrete of low permeability can be obtained 
by suitable selection of its constituent materials and their proportions followed 
by careful placing, compaction and curing. In general for fully compacted 
concrete, the permeability decreases with decreasing water cement ratio. (Fig 
2.1) illustrates that permeability is affected by both the fineness and chemical 
composition of cement. Coarse cement tends to produce pastes with relatively 
high porosity. Aggregates of low porosity are preferable when concrete with a 
low permeability is required. Segregation of the constituent material during 
placing can adversely affect the permeability of concrete. (Ref1)  
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Fig (2.1) Relation Between Permeability and Water /Cement Ratio 
  
2.4.2 Sulphate Attack:  
          Most Sulphate solutions react with the calcium hydroxide, Ca (OH)2, and 
calcium aluminates (C3A) of hydrated cement to form  calcium Sulphate and 
calcium sulphoaluminate compounds. Of these, alkaline calcium and 
magnesium Sulphates are most active and occur widely in soils, ground water 
and seawater. Although these compounds, unlike calcium hydroxide, do not 
readily dissolve in water, their volume is greater than the volume of the 
compounds of cement paste from which they are formed. This increase in 
volume within the hardened concrete contributes towards the break down of its 
structure.  
       The intensity and rate of sulphate attack depend on a number of   factors 
such as type of sulphate (magnesium sulphate is the most vigorous), its 
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concentration and the continuity of its supply to concrete. The concentration of 
sulphates in solution is expressed in parts of (SO3) per million (p.p.m) by 
weight. A concentration of 1000 p.p.m is considered to be moderately severe 
and 2000 p.p.m very severe.    Permeability and the presence of crack also affect 
the severity of the attack. The type of cement is a very important factor, and the 
resistance of various cements to sulphate attack increase when cement contains 
low C3A. Calcium chloride reduces the resistance of concrete to sulphate attack.  
           To protect concrete from Sulphate we should produce an impermeable 
concrete with low water cement ratio and minimum cement content. The 
number of construction joints should be minimized since these can be 
particularly prone to attack.(Ref1) 
 
2.4.3 Sea Water Attack:  
 Sea water contains sulphates and could be expected to attack concrete in a 
similar manner to sulphate attack, but because chlorides are present, sea–water 
attack dose not generally cause expansion of the concrete. The explanation lies 
in the fact that gypsum is more soluble in chloride solution than in water, which 
means that it can be more easily leached out by sea water. In consequence, there 
is no disruption but only a very slow increase in porosity and, hence a decrease 
in strength.  
         On the other hand, expansion can take place as a result of the pressure 
exerted by crystallization of salts in the pores of the concrete. Crystallization 
occurs above the high water level at the point of evaporation of water. Since, 
however, the salt solution rises in the concrete by capillary action, the attack 
takes place only when water penetrates into the concrete so that permeability of 
concrete is again of great importance.  
 In some cases action of sea water is accompanied by the destructive 
action of wave impact and of abrasion. Additional damage can be caused by 
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rupture of concrete surrounding reinforcement which has corroded due to 
electro chemical action, set up by absorption of salts by the concrete.  
      Sea water attack can be prevented by the same measures which are used to 
prevent sulphate attack but, here the type of cement is of little importance 
compared to low permeability. In reinforced concrete, adequate cover to 
reinforcement should be used. A cement content of 350 kg/m3 above water mark 
and 300 kg/m3 below                                         
it, and water cement ratio of not more than (0.4-0.45) are recommended . A well 
compacted concrete and good workmanship, especially in the construction 
joints are of vital importance. (Ref 2)  
 
2.4.4 Volume Change:  
            Principle factors responsible for volume changes, are chemical 
combination of water and cement and subsequent drying of concrete, variation 
in temperature and alternate wetting and drying. When change in volume is 
resisted by internal or external forces this can produce cracking, the greater the 
imposed resistance the more severe cracking. The presence of cracks in concrete 
reduces its resistance to the action of leaching, corrosion of reinforcement, 
attack by sulphate and other chemicals, and alkali-aggregate reaction all of 
which may lead to disruption of concrete. Severe cracking can lead to complete 
disintegration of the concrete surface, particularly when this accompanied by 
alternate expansion and contraction.  
           Volume change can be minimized by using suitable constituent materials 
and mix proportions having due regard to the size of the structure. Adequate 
moist curing is also essential to minimize the effects of any volume change. 
(Ref1)  
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2.4.5 Corrosion of Reinforcement:  
        The strongly alkaline nature of Ca(OH)2, (PH of about13) prevent the 
corrosion of steel reinforcement by the formation of a thin protective film oxide 
on the metal surface . However, if the concrete is permeable to the extent that 
the carbonation reaches the concrete in contact with the steel; or soluble 
chloride can penetrate right up to the reinforcement, and water and oxygen are 
present, then corrosion of reinforcement will take place. The passive iron oxide 
layer is destroyed when the PH falls bellow about 10.5 and carbonation lowers 
the PH. The formation of rust results in an increase in volume compared with 
original steel so that swelling pressure will cause cracking and spalling of the 
concrete.(Ref 2)  
 
2.4.5.1 Corrosion Process: 
 The corrosion of steel reinforcing bars is an electrochemical process that 
requires a flow of electric current and several chemical reactions. The three 
essential components of a galvanic corrosion cell are anode, cathode and 
electrolyte.  
 The anode and cathode can be on the same steel reinforcing bar. At the 
node iron atoms lose electrons to become iron ions (Fe++). This oxidation 
reaction is referred to as the anodic reaction and its passes into solution. At the 
cathode, oxygen in the presence of water, accepts electrons to form hydroxyl 
ion (OH-). 
This reduction reaction is referred to as the cathodic reaction. The electrolyte is 
the medium that facilitates the flow of electrons (electric current), between the 
anode and the cathode. Concrete, when exposed to wet-dry cycles, has sufficient 
conductivity to serve as an electrolyte. 
Both the anodic and cathodlic are necessary for the corrosion process to occur 
and they need to take place concurrently (Ref 2) 
 
11 
 
  
 
   
2.4.5.1.1 Corrosion Due Carbonation Process:  
 When carbon dioxide (CO2) penetrates concrete, and dissolves in the 
presence of moisture, CO2 forms carbonic acid, which reacts with alkali in the 
cement to from carbonates, and to lower the PH of the concrete. Carbonation 
proceeds from the surface of concrete inwards but does so extremely slowly 
.The actual rate of carbonation depends on the permeability of the concrete, its 
moisture content, CO2 content and relative humidity of the ambient medium.  
          Since the permeability of concrete is governed by the water /cement ratio 
and the effectiveness of curing, concrete with high water cement ratio, and 
inadequately cured, will be more prone to carbonation therefore will be a 
greater depth of carbonation. The extent of carbonation can be easily 
determined by treating a freshly broken surface with phenolphthalein (ph-ph); 
the free (Ca (OH)2) is coloured pink while the carbonated portion is uncoloured.  
            When the alkalinity reaches a low enough level, the steel reinforcing bar 
becomes depassivated, and in the presence of sufficient water and oxygen, 
corrosion is initiated and proceeds.  
           The corrosion of steel in concrete in the presence of oxygen takes place 
in several steps:  
1- At the anode iron is oxidized to ferrous state and releases electrons  
2Fe            2Fe++ +4e`                                              
2- These electrons migrate to the cathode where they combine with water  
       and oxygen to form hydroxide ion 
                  4e` +2H2O + O2 → 4(OH)- 
3- The hydroxide ion combine with ferrous to form ferrous  
     hydroxide. 
                    Fe++ + 2(OH)- → Fe (OH)2  
4- In the presence of water and oxygen, the ferrous hydroxide is  
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      further oxidized to form F2O3  
                     4Fe (OH)2 + O2 + 2H2O          4Fe (OH)3  
                    2Fe (OH)3           Fe2O3.3H2O 
 The corrosion products, resulting from the corrosion of steel 
reinforcing bars occupy a volume equal to three to six times that of 
the original steel. This increase in volume induces stresses in the 
concrete, which result in cracks and spalls. This accelerates the 
corrosion process by providing an easy pathway for the water and 
oxygen to reach the steel.(Ref 2) 
 
2.4.5.1.2 Corrosion Due Chloride Ion:  
 Corrosion due chloride ion may be from aggregate, water, admixture or 
from external sources (de–icing states and marine environment). Aggregate may 
contain chlorides, especially if they are obtained from sites associated with sea 
water or with ground water containing chloride. Depending on the amount of 
chloride present in the aggregates and the mix proportion, it is possible to 
produce a concrete that already has chloride concentration at or above the limit 
for corrosion initiation. 
           Potable water can contain small amounts of chloride (20–100 p.p.m). 
This amount of chloride is generally considered to be insignificant.  
           Beside admixtures based on calcium chloride (CaCl2), some water 
reducers and setting admixtures contain chlorides. The amount is considered to 
be insignificant if the chloride content is less than 0.01 percent by mass of 
cementations material. The use of admixture should be evaluated on case–by–
case basis for any impact on the corrosion process.  
           Also chloride ions reach the reinforcing steel by penetrating the concrete 
via the pore water and through cracks in the concrete. In the oxide film theory, 
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2 2 H e H′+ → ↑
the chloride ion breaks down the passive oxide film. At this point, the steel 
reinforcing bar becomes depassivated and corrosion may be initiated and takes 
place in several steps as shown bellow:-  
• At the anode, iron reacts with chloride ions, to from an intermediate 
soluble iron – chloride complex 
                Fe + 2Cl              (Fe ++ + 2Cl-) + 2e  
• When iron–chloride complex diffuses away from the bar to any area with 
higher concentration of oxygen, it reacts with hydroxyl ion to form 
Fe(OH)2. This complex reacts with water to from ferrous hydroxide.  
               (Fe++ + 2Cl) + 2H2O + 2e         Fe(OH)2 + 2H+ + 2Cl-  
 
• The hydrogen ions then combines with electrons to form hydrogen gas :  
                           +
• As in the case of corrosion of steel without chlorides , the ferrous 
hydroxide in the presence of water   and oxygen is further oxidized to 
form Fe2O3  
                    4Fe (OH)2 + O2 + 2H2O          4Fe (OH)3  
                                 2Fe (OH)3           Fe2O3.3H2O 
 
The minimum chloride ion concentration needed to initiate corrosion of steel 
reinforcing bars is also called the corrosion chloride threshold. Although the 
concept of chloride threshold is generally accepted, there is little agreement on 
what the threshold value is. Several factors influence the chloride threshold 
value: such as the composition of concrete the amount of moisture, and the 
atmospheric condition (temperature and humidity).(Ref2) 
 
2.4.5.2 Corrosion Model:  
A simple model for corrosion of steel in concrete is shown in Fig (2.2). 
This service–life model for reinforced concrete structure has two stage–
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initiation and propagation. This model depicts the time to corrosion initiation 
and the subsequent deterioration rate. The initiation time is the length of time 
until depassivation of steel reinforcing bars and the initiation of corrosion have 
occurred. The corrosion rate is controlled by corrosion–process kinetics and 
may increase or decrease. At some point, cracking and spalling occur and the 
structure is either rehabilitated or has reached the end of its service life and is 
replaced. Several factors are needed in order to quantify the deterioration rate. 
These are chloride profile, cover depth, carbonation depth, corrosion rate, 
concrete resistively and environment. (Ref 2) 
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Fig (2.2) Simple Deterioration Model, Corrosion of Steel Concrete 
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Chapter Three  
Causes of Deterioration and Methods of Repair 
3.1 Introduction:  
The deterioration and maintenance of engineering structures is a common 
and serious problem, involving considerable cost and inconvenience to industry 
and to the public.  
For the engineer, the problem involves two basic aspects, prevention and 
repair. Therefore this chapter includes the causes of deterioration and preventive 
measures, diagnosis of causes, as well as methods of repair.  
3.2 Cause of Deterioration and Preventive Measures:  
      There are three basic visual symptoms of distress in concrete 
structures: cracking, spalling and disintegration. Each of these basic symptoms 
in itself is fairly obvious and may be readily detected and differentiated from 
the others. However, each occurs in several forms, each form having a different 
significance. Moreover, in a given structure, the three basic indicators of 
distress may occur not only in combination, but with several forms of each 
symptoms being manifest simultaneously. As a result diagnosis of the causes of 
deterioration of concrete is a very subtle problem.  
This problem is solved by assessing all possible causes of the observed 
condition and eliminating possibilities. To apply this procedure requires, first, a 
list of the agents and processes which cause deterioration of concrete and some 
understanding of how they act and affect the concrete matrix. The next step is to 
diagnose the probable cause using the aforementioned process of elimination 
(section 3.3), and the last step is to select and implement a repair procedure. 
(Ref 4) 
 
 Table (3.1) represents tabulation of the more common causes of 
deterioration in concrete.  
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Table (3.1) Causes of Deteriorations 
1.Occurrences Incident to Construction Operations  
a. Localized settlements of the subgrade. 
b. Movement of the formwork.  
c. Internal settlement of the concrete suspension.  
d. Setting shrinkage.  
e. Premature removal of shores.  
2. Drying Shrinkage:  
3. Temperature Stresses: 
a. Variations in atmospheric temperature.  
b. Variations in internal temperature.  
4.Absorption of Moisture by the Concrete:  
5. Corrosion of the Reinforcement:  
a. Corrosion due to chemical agents.  
b. Corrosion due to electrolytic attack.  
6. Chemical Reactions:  
7. Shock waves.  
8. Erosion.  
9. Poor Design Details:  
a. Reentrant corners.  
b. Deflection  
c. Leakage through joints 
d. Inadequate drainage  
 
3.2.1 Occurrences Incident to Construction Operations:  
              Improper procedure or carelessness during any phase of the 
construction operations may result in concrete of inferior quality. Such concrete 
will be more susceptible to deterioration than that produced by strict adherence 
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to "good practice" and, of course, should be avoided. While it may open the gate 
to the other aggressive agents, however, poor construction practice is seldom in 
itself a direct cause of deterioration, except for the following instances. (Ref 4) 
3.2.1.1 Localized Settlement of the Subgrade:  
If there are local soft pockets in the subgrade on which the concrete is 
placed, or if there are any air pockets or hollows under the building form, there 
will be a localized settlement of concrete due to the weight of the plastic mass. 
If this settlement occurs after finishing of the concrete surface, cracks will ensue 
(Fig 3.1). The occurrence should be prevented by giving proper attention to 
compacting and draining the subgrade. Keep the workmen from walking on the 
building paper. Eliminate trapped air pockets. Also cracks of this type will be 
closed when finishing the concrete surface, unless the final finishing pass is 
made directly after placing concrete. The cracks having been closed, they do not 
reappear. (Ref 4)  
 
 
Fig (3.1) Cracking due to settlement of subgrade during construction 
3.2.1.2 Movement of the Formwork:  
 Any movement of the formwork which occurs between the time that the 
concrete begins to lose its fluidity an time that it has fully set will cause cracks 
to appear in the structure. These cracks may be internal and invisible by surface 
inspection (Fig 3.2). As such they are potentially dangerous in that they form a 
water pocket in the concrete mass, which may result is the corrosion of 
reinforcement.  
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Fig 
(3.2) Cracking due to Movement of the Forms During the Setting of the Concrete 
 
3.2.1.3 Internal Settlement of the concrete Suspension:  
Fluid concrete before attaining initial set, is subject to settlement of the heavier 
particles through the fluid matrix. Since the surface concrete hardens first if 
settlement is prevented locally, cracking will occur .Such settlement will be 
prevented by the presence of reinforcement, which is supported in place. This 
causes surface cracks as shown in Fig (3.3a). 
Worse, where the reinforcement consists of a heavy mat of closely spaced bars, 
instead of surface cracks, a plane of general separation may be formed under the 
mat, (Fig 3.3b). The presence of such a plane of separation invites damage due 
to corrosion of the steel. (Ref 4)  
Prevention: Surface cracks, such as are shown in (Fig 3.3a) can be closed by 
delayed finishing. Commencing the curing operation as soon as possible after 
placement of the concrete is also beneficial in that the set of the surface concrete 
will be delayed, thereby reducing the amount of differential settlement between 
the surface and interior volume suspension.  
           Delayed finishing and prompt curing will not prevent or correct the 
formation of an internal plane of separation, however. Accordingly, for thick 
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masses and heavy reinforcement, the engineer should consider the formation of 
such a plane of weakness in the structure as a probability and provide for its 
occurrence by the use of revibration or by decreasing allowable bond stress. 
(Ref 4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (3.3) Cracking of Concrete Due to Settlement of Concrete Suspension 
 
 
 
 
 
 
 
Fig (3.3) (continued)  
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3.2.1.4 Setting Shrinkage  
       Volume change during the initial setting of the concrete tends to cause the 
formation of shallow surface cracks. 
 Preventive measures are the same as these used to prevent surface crack due 
to internal settlement.  
3.2.1.5 Premature Removal of Form  
      With the modern pressure for speed and economy in construction , there is 
tendency to remove the forms before concrete has attained sufficient strength. 
When this occurs, the concrete often cracks, sometimes severely. The solution is 
simple. Leave the forms in place until the concrete is strong enough. 
3.2.2 Drying Shrinkage  
      The chemical reactions incident to the hardening of concrete over an 
extended period of time (perhaps several years) and involve a decrease in 
volume, are known as drying shrinkage or simply shrinkage. If the structure is 
restrained against the free occurrence of this volume change, stress is created 
which may cause cracking of the concrete mass. (Ref 4)  
Prevention: The amount of drying Shrinkage can be reduced by using stiffer 
mixes and leaner mixes, eliminate the restraints on the structure by the frequent 
use of construction and contraction joints and provide an adequate amount of 
reinforcement to distribute and reduce the size of those cracks which do occur.  
 
3.2.3 Temperature Stresses  
3.2.3.1 Variation in Atmospheric Temperature.  
       Variation in the temperature of hardened concrete mass will result in 
changes in shape and volume of that mass. If the free occurrence of such 
changes in shape and volume is prevented by restraint of the structure, stresses 
are created, and if such stresses produce tension in the concrete section, 
cracking will result.  
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Other case, when new concrete surfacing is on old concrete structure the 
coefficients of thermal expansion of the two materials probably will not be the 
same, and change in the temperature of such composite member, even if 
uniform, will create a warping of the section and may cause a severe stress 
condition.  
Prevention: The problem is very similar to that of preventing drying shrinkage 
and consists of providing joints to relieve the restraints in the structure (every 9-
10 meters) and providing reinforcement to distribute the stress. (Ref4) 
3.2.3.2 Variations in Internal Temperature  
          Volume changes in concrete also can be caused by variations in the 
internal temperature. For example internal temperature of mass pours such as 
dam and raft foundations may increse resulting from heat generated by the 
concrete during hardening.  
Prevention: Preventive measures are the same as prevention of drying 
shrinkage   
 3.2.4 Absorption of Moisture by the Concrete  
         In varying degree, all concrete is porous. In fact, frequently it may be 
observed that in different parts of the same structure, constructed of the same 
material, by the same contractor to the same specifications, one part will be 
severely deteriorated and others will be sound. The usual reason is differences 
in amount of water, in exposure and differences in porosity resulting from 
variation in workmanship. 
 Prevention: In general, it is impractical to prevent swelling due to increased 
moisture content. The solution is either to allow for expansion of concrete in 
structures subject to alternate wetting and drying, or to keep the concrete 
continually wet by encasing it. (Ref 4)  
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3.2.5 Corrosion of the Reinforcement  
3.2.5.1 Corrosion Due to Chemical Agents  
       In the reinforcement, the steel is deliberately and almost invariably placed 
within a few millimeters of the surface. If the reinforcement is exposed to 
circulating air and water, it will corrode. The volume of the oxide produced by 
corrosion is about three to six times that of the parent metal, and the result is 
that concrete cover is cracked and spalled.                           
Prevention: Prevention of corrosion of the reinforcement requires that the steel 
be kept from contact with circulating water in the presence of oxygen or 
containing dissolved oxygen. This can best be accomplished by encasing the 
bars in a dense concrete mass and providing adequate cover.  
        Avoid details in the design which would promote pending of water. Do not 
use trough section without large and frequent weep holes. Slope horizontal 
surface at least 0.5 cm per meter (1/16 inch per foot), and preferable 1cm per 
meter (1/8 inch per foot). Particular attention should be paid to sloping the tops 
of parapets. (Ref 4) 
 
 Volume of reinforcing 
bar after corrosion Reinforcing     
 
 
Surface of concrete  
 
 
 
Crack (Ultimately 
resulting in spalling )  
 
Fig (3.4) Cracking and Spalling of Concrete due to Corrosion of Reinforcement 
 
3.2.5.2 Corrosion Due to Electrolytic Attack  
            In the presence of moisture particularly if moisture contain salts, 
concrete is electrically conductive; and the presence of stray electric current can 
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create electrolytic action on the steel, causing violent corrosion. The sources of 
stray currents are frequently accidental, such as earth returns or leakages. 
As a guide to prevention, it should be considered that sulfates, chlorides, and 
carbonates will act as aids to corrosion. Seawater is a common source, and 
using it as mixing water for concrete is to be discouraged, because of difficulty 
in ensuring that the salts are completely digested during hydration of cement. 
(Ref 4) 
 
3.2.6 Chemical Reaction:  
        Commercial cements are alkaline and are attacked by acids by organic 
compounds which can be hydrolyzed to acids, Ground water having an acid 
content due to the presence of decayed vegetation is sometimes a cause of 
difficulty in this regard.  
       Salts containing ammonium and magnesium ion attack concrete by reacting 
with calcium. In particular, the magnesium exchanges mechanisms where by 
sea water attacks concrete.  
Sulfate solutions react with tricalcium aluminates hydrate, which is a 
normal constituent of concrete forming calcium sulfa aluminates hydrate. This 
reaction is accompanied by substantial expansion and causes cracking and 
disruption of the concrete mass. Difficulty should be anticipated whenever the 
environment of the concrete contains sulphate solution in concentrations in 
excess of 0.1 percent.  
The tricalcium aluminates in the cement also react with chloride ion, 
which is another reason for not using salt water for mixing water.                   
Deterioration of concrete also may occur through chemical reaction 
between cement of high alkali content and mineral constituent in certain 
aggregate. This reaction results in localized "pop-outs" of the concrete surface 
map cracking, and an overall expansion of the concrete mass.  
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The general symptoms of chemical attack on concrete are disintegration 
and spalling of the concrete surfaces and the opening of cracks and joints. There 
is also general disruption of the concrete mass and swelling of the structure. The 
aggregate particles protrude from the matrix, and there is a loss of cementation 
in the cement paste.  
Prevention: The most important requirement is to use sound and dense 
concrete. The following precautions in design and construction (and in repair) 
should be observed.  
• Concrete for use in sulfate environment should be made with a sulfate –
resistance cement (typeV) and modified cement (typeII). 
 Ordinary cement (typeI), and rapid-hardening Portland cement (type III) do not 
qualify concrete for use in environments having very high sulphate contents 
(over 0.2% expressed as SO4, or over 1000 p.p.m). 
•    In acid environments, the use of limestone aggregate will somewhat inhibit 
attack by neutralizing a portion of the acid attacking the binder. Amore 
positive answer, however, is some form of protective coating.  
• The cracks which do occur in concrete exposed to an aggressive environment 
should be kept sealed by applications of bituminous sealers to prevent the 
penetration of chemical solutions. (Ref 4) 
3.2.7 Shock Waves  
Concrete is a heterogeneous material and, as such is susceptible to 
spalling when subject to shock waves. This due to the different transmission 
rates at which the waves pass through the several materials, such as the 
aggregate, the matrix, and the reinforcement, comprising its mass.  
Prevention: Experiences in earthquake areas and with bomb damage 
during wartime have indicated that the use of heavily reinforced section will 
provide a concrete structure with excellent resistance to shock waves. Shock 
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resistance also can be improved by using concrete made with angular coarser 
aggregate than rounded aggregate.  
 
3.2.8 Erosion (Abrasion)  
The following cases represent the more frequent occurrences of erosion of 
concrete. In all cases, the essence of prevention is to provide a good quality 
concrete with a smooth, dense surface.  
• Waterfront, structure in the surf zone. In or near the surf zone, the 
breaking waves churn up the bottom and scour any structures located there in 
with particles of sand and silt like a giant sandblast. The condition continues, 
and will wear away the hardest concrete and the toughest steel. 
The remedy is to provide streamlined (rounded) section to minimize attack, 
also increasing the concrete cover or providing expandable coast or jacket.  
3.2.9 Poor Design Details  
If a large number of different structures are examined in different 
localities, it will be found that deterioration occurs repeatedly in connection 
with certain details or that certain effects have taken place which were not 
anticipated in the design. A number of such details are described in the 
following. Their use should be avoided, and the effects described should be 
considered in the design. (Ref 4) 
• Reentrant corners. This detail (Fig 3-5a) creates a condition of stress 
concentration under the reinforcing bars and can be improved (as shown in Fig 
(3-5b & 3-5c) by distributing the lateral  restraining force required to produce 
the change in the direction of the bar tension. 
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Fig (3.5) Cause and prevention of crushing and cracking of concrete at a reentrant 
corner  
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• Deflection. Usual criteria for allowable live –load deflection vary from 
1/240 to 1/360 of span. The structure will readily accommodate this movement, 
but a lot of deformation is to be observed in a wall or partition. As a result, the 
partition is called upon to carry an unanticipated load, and if it can not carry the 
load, it will crack.  
The available solution to this condition is:  
• To make the structure stiffer so to reduce the deflection and extent of 
participation of the wall.  
• To make the partition strong enough to take the load.  
• To break the wall loose from the surrounding construction by providing a 
space or slip joint at the top of the wall and some means to break the bond 
between the wall and the floor;  
* Leakage through joints: (Fig 3-6). Where join are necessary, they must be 
detailed so that water will have to follow a long tortuous path to penetrate. They 
must be sealed, and water stops should be provided if feasible. (Ref 4). 
 
 
 
 
 
 
 
 
 
 
Fig (3.6) Modification of detail at bridge abutment to avoid penetration of   
                    Water through the expansion joint 
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Fig (3.6) Continued 
                     
• Inadequate Drainage. This is one of the most common errors in 
detailing of concrete structures. The construction must not pond water. 
Horizontal surface even the tops of wall, should be pitched to drain, and large 
and frequent weep holes must be provided in through or depressed sections or 
any other low spots. Weep holes should not discharge over the exposed face of 
the concrete.    
        The surface water should drain away from the structure, not towards it, and 
drainage from higher ground should not be permitted to flow over the top or 
face of a wall. (Ref 4)  
3.2.9 Errors in Design :  
Design errors do occur, however, and the symptoms of their occurrence 
are cracking and spalling the same symptoms that the other deteriorating agent 
described herein produce. So of course, it is necessary to consider them in the 
list of potential sources of deterioration when diagnosing the probable cause of 
some problem.  
 
 
3.3 Diagnosis of Cause             
       Diagnosis of the cause of deterioration in concrete structures is largely a 
matter of eliminating possibilities until some conclusion appears and the 
following portion suggests procedure for such diagnosis. Unfortunately, the 
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procedure does not always lead to unique conclusion. Partly this is due to 
limitations in the present state of our knowledge. More often, it is due simply to 
a lack of data, particularly on the history of the structure. (Ref 4)  
3.3.1Step 1. Check for an Error in the Basic Design:  
         The first thing to check is wheather the condition is caused by 
overstress resulting from some pertinent deficiency in the basic design. In fact 
this is so seldom case, but sometimes it does occur. To check proceed as 
fallows.  
• First consider what types of stress could have caused the overstress 
symptoms of deterioration. For example tension causes cracking usually without 
spalling. On the other hand, excessive compression is almost always 
accompanied by spalling and shredding before the restraints are relieved. 
Overstress in torsion or shear   may combine either or both features.       
   Also, try to relate the location of the defects in the structure to the probable 
types of overstress. [webs take the shear, the flanges take the bending, and 
tensional stress area is a maximum in extreme fibers of cross section].  
• Next knowing what type of stress may be the fault, compare them with the 
area and element of the structure in which the trouble occurs.  
• If no inconsistency has yet occurred, consider the orientation of the defects. 
Tension cracks should run roughly perpendicular to the line of stress. Shear 
usually causes failure by diagonal tension, and the crack runs diagonal in the 
web. 
• If no inconsistency is encountered at some point in the above procedure, the 
probability of the occurrence of some basic design deficiency is remote and 
may be tentatively eliminated.  
Note that the elimination of overstress as cause and as accomplished in this step 
is tentative only. If, after following the procedure to its end, the observed 
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condition still does not conform to the factors as yet undiminished, return to this 
step and check for unusual circumstances of stress. (Ref 4) 
3.3.2 Step 2: Relate the potential causes to the three Basic symptoms 
Assuming that under design has been eliminated,. the next eliminations are 
performed by relating the list of causes of deterioration to three basic symptoms 
and reference is made to Table (3.2). 
Table (3.2) Relation of Causes of Deterioration to Symptoms 
Basic Cause 
Principal symptoms produced   Probable status of 
deteriorating agent Cracks  Spalling  Disintegration  
1- Occurrences incident to construction 
operations    
X   
Inactive 
2- Drying shrinkage  X   Inactive 
3- Temperature stresses  
a) Variations in atmospheric 
temperature.  
b) Variation s in internal 
temperature.  
 
 
X 
   
 
Active 
 
X 
 
X 
 
Active or inactive 
 
 
X 
   
 
Active 
4- Absorption of moisture  
   by the    concrete  
5- Corrosion of the reinforcement  
a) Chemical  
b) Electrolytic  
 
X 
 
X 
  
Active 
X X  Active 
6- Chemical reactions  X X X Active 
7-Weathering   X X Active 
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3.3.3 Step 3: Eliminate the possibilities which are Readily Identified: These 
possibilities include the following.  
• Corrosion of the reinforcement. This agent may be readily identified. 
The cover spalls off the bars, and the bar rusts.  
In the early stages, the deterioration occurs as a series of parallel cracks 
running along the reinforcement, and a rust staining occurs along the cracks. 
In the last stage cover spalls off the bars. To diagnosis, check if the locations 
of the crack correspond to the location the reinforcement. Also, remove 
some of the cracked or loosened concrete cover and see if bars are rusted. If 
the answers are all yes, it is a clear case of corrosion of reinforcement. Now 
find out the reason of corrosion by testing carbonation depth and chloride 
content. Next find out why this has occurred. (Ref 4) 
• Shock waves: Unless the damage is so old that evidence has been destroyed, 
damage due to shock waves is characteristic. Sections of concrete will be 
spalled, usually leaving the reinforcing cage exposed .The broken surfaces 
show a fresh unweathered appearance, and the bars are not corroded. Also, 
the spalling is likely to penetrate the section deeply, rather than just 
detaching the surface layers of concrete. (Ref 4) 
 
3.3.4 Step 4: Make a Detailed Investigation:            
• Investigate the history of the structure. When was it built? By whom? What 
type of cement was used? What kind of aggregate was used, and what was 
their source?   
• Make a survey of the deterioration. Where does it occur? Where is it worst? 
Plot the cracks. Do they show any pattern? If so what pattern? Any pattern 
which can be detected is a valuable clue.  
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3.3.5 Step 5: Analyze the Available Clues:  
This part is most challenging. In general, proceed along the following lines.  
• Where the Basic Symptom is Disintegration of the Surface. The first 
thing to do is to check for unsound materials. Recover samples of the 
deterioration mass, have a laboratory check of the materials against the project 
specifications and then check the specification against practice. If the materials 
are of types known to be unsound, a conclusion has been reached. If the 
material are not of types known to be unsound, but still do not conform to 
accepted standards of quality, a tentative conclusion has been reached. If the 
materials are sound, no conclusion has been reached except that one of three 
agents–chemical attack, weathering, or abrasion must be at work. To discover 
which, first check the environmental conduction. If the deterioration area of the 
structure is not subjected to cycle freezing and thawing because it is either a 
heated environment or tropical or subtropical climate, then weathering is ruled 
out and the trouble must be chemical attack or abrasion Also unless the 
deterioration occurs in a location which is frequently saturated, it can not be 
weathering.      
Next, try, eliminate abrasion, and see if the deteriorated area is subject to any 
such action. If the structure is such that abrasion could be a problem, and also 
see if there are any signs of wear or polish of the particles of coarse aggregate.  
Now, check how deep the decay of the concrete penetrates the mass. If the 
deterioration of cement paste extends deep in to the concrete then the trouble is 
probably a chemical attack. Next, look for the usual symptoms manifested by 
concrete subjected to chemical attack. i.e. aggregate particles protruding from 
the matrix and also of cementation in the cement paste.  
As further check, remove several samples from the deteriorated and sound 
portions of the concrete of the structure, and have them subjected o chemical 
analysis. (Ref 4)  
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• Where there is Evidence of Swelling [Growth] of the Concrete This 
will have been determined from the survey in step 4. If so, there are three 
possible causes chemical reaction, absorption of moisture by the concrete, or a 
rise in the temperature of the concrete mass. Since all three agents may act on 
similar type of structures, it is difficult to tell which reaction is occurring. Try 
reading the internal temperature, in the inspection galleries, if there are any, or 
in a bore hole. The bore hole may also be used to recover cores for chemical 
analysis.  
Check environmental. Is water available to saturate the concrete mass? If not, 
growth to absorption of moisture obviously can not occur.  
It is also important to plot the rate of growth in the different parts of the 
structure and to try to correlate this information with the possible causes and 
specific environmental conditions of the structure. (Ref 4) 
• Where the Defect Consists of Cracking: According, at the stage of the 
elimination, five possibilities remain: (1) occurrences incident to the 
construction operations, (2) shrinkage stress (3) temperature stress (4) chemical 
reactions and (5) poor design details. 
First consider temperature and shrinkage stresses, Visualize the structure and 
the element (beam, slab, etc.) which is cracked. Do the defects occur at some 
point of stress concentration, such as near opening or other abrupt change in 
section?  If so temperature or shrinkage effects are probable causes. The next 
most likely cause of difficulty is the design details. The details and the defects 
are usually neighbors and can be so related.  
If the cracks do not form a pattern in conformance with the occurrence of 
temperature or shrinkage stress, consider if their pattern or location is consistent 
with one or more of defects occurring during construction, as described in 
section 3.2(causes of deterioration). If these are a radial or concentric pattern, 
settlement should be a suspect, either due to overall settlement of structure or 
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settlement of the subgrade during construction. If the survey made in connection 
with step 4 shows cracks run parallel to and near face of concrete section, 
movement of the forms during hardening of the concrete is probable. If the 
cracks occur as horizontal cleavage plane under the top reinforcing mat, 
settlement of the concrete suspension is a likely cause.  
If the cracks are isolated, the probable cause is some positive overstress, 
perhaps due to action of external loads or to the effect of shrinkage and 
temperature. Accordingly, temperature, shrinkage, or some design deficiency 
should be a suspect. (Ref 4)  
 
3.3.6 Step 6: Find Out Why Deterioration Has Occurred: 
Step 1 to 5 tell, basically, what has occurred. The last step to find out why 
it has occurred. What was improperly done in the design or construction which 
permitted the deteriorating agent to act? To find out this we must go to section 
3.2 to means for preventing the action of the agent which has been found to 
have caused the problem in question, and see what provision of the rules for 
prevention was violated and be sure that the violation is not repeated in the 
repair work.  
 
3.3.7 Flow Charts For Diagnosis  
The procedure described above has been set up, for purpose of visual 
reference and clarity, in Fig (3.7), in the form of a flow chart. The basic flow 
chart without all of the details and explanations is presented in Fig (3.7), giving 
an overall picture of suggested procedure. 
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Eleven Basic Causes  
Step1: Consider Possible  
Design Errors   
Basic Symptom 
Disintegration  Spalling   Cracking    
 
 
 
 
 
 
 
 
 
 
 
 
 
Subroutine   1 
(Stress Analysis) 
Ten Basic Causes  
Step2: Relate to  
Basic Symptoms   
Conclusion   
Spalling   Disintegration  Cracking    
Step3:  
   Obvious   Causes  
(1) (2) 
Fig (3.7) Flow Chart of Diagnosis of Causes of Deterioration  
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 Fig (3.7) Continued  
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3.4 Repairing:  
 After diagnosis and determining the cause of deterioration, then the 
structure must be abandoned, replaced or repaired. Usually it is repaired .This 
section includes the repairing and some method of repairing. 
 
3.4.1 Repairing Cracks:  
Cracking is one of the most misunderstood problems of concrete. It is 
almost always a cause of anxiety and generally is regarded as indicative of 
defective design or material. Actually, while the occurrence of large, open 
cracks is evidence of poor detailing and /or construction, in the usual case 
neither the design nor the construction is particularly to blame. It is simply that, 
except in very elementary structures or for individual elements, cracking is 
almost omnipresent.  
If cracking has occurred and if repair is required, the procedure is as fallows: 
Step1 Determine whether the cracks are Active or Dormant.                  
         Checking the activity of crack is done by means of periodic 
observation utilizing telltales, as illustrated in Fig (3.8).  
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 Crack  
 
 
 
 a- Mark end  of Crack  b- Pin 
 
 
 
 
 
 
 
 
 
Tape Extension 
of crack cause 
tape to tear 
Compression 
se tape to 
wrinkle    
 
 
Fig (3.8) Telltales 
Fig (3.8a) shows how movement can be detected by placing a mark at the 
end of cracks subsequent extension of the crack beyond the mark indicates 
probable continuance of the activity originally producing the defect. Fig 
(3.8b) shows a similar device. A pin is lightly wedged into the crack and 
falls out if there is any extension of the defect. Both devices have 
deficiencies that there is no indication of closing movement or any 
quantitative measure of the changes which occur. The strip of notched tape 
Notch 
 tape  
cauCrack   
Glue to Concrete 
surface     
Crack  
Gauge Point   
c-Tape  d- Gauge Point   
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shown in Fig (3.8c) works similarly. Movement is indicated by tearing of 
tape. An advantage is that some indication of closure can be realized by 
observing any wrinkling of the tape. The device is not reliable, however, 
the tape is not dimensionally stable under change condition of humidity, so 
that one can never be   sure whether the movements are real or due to shrinkage 
or swelling of the marker.  
The devices shown in Fig (3.8d) are the most satisfactory of all. Both extension 
and compression are indicated and movements recorded by using vernier 
caliper. The reference point must be rigidly constructed and carefully glued to 
the surface of the concrete.  
If the magnitude of the movement, measured over a reasonable period of time 
(say six months or a year), is sufficient to displace or show significantly on the 
telltales, treat the crack as an active one. If the movement is smaller, the crack 
may be considered dormant.  
 
Step 2: Determine the Cause 
From the procedure in section (3.2) we should determine the cause of cracks.  
Step 4: Select a Method of Repair:     
Selection of an applicable method of repair involves consideration of the 
following:  
• Are the cracks active or dormant?  
• What is the primary purpose of the repair? Is it just to reduce excessive 
leakage, or must the cracks be made fully water proof ?Is strengthening 
required?  
• How do the cracks occur? Are they patterning cracks (i.e., large number of 
relatively narrow crevices, or are they large, isolated defects?  
• What is the magnitude and direction of anticipated future movement? 
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The process of selection methods in accordance with the flow diagram  is 
contained in Fig (3.9) & Fig (3.10).  
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Figs (3.9) Procedure of selection method of repair (for active cracks) 
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Fig (3.10) Procedure of selection method of repair (For dormant cracks) 
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If The Cracks Are Active: 
First determine whether the cracks occur as a few isolated defects or 
general or random pattern. 
• Pattern cracks. As will be noted from Fig (3.9), pattern cracks are 
seldom associated with condition of positive overstress, and strengthening 
normally is not required. 
• Isolated Cracks. If the crack is isolated and active, attempting to restore 
the tensile strength of the concrete across the cracked section will simply 
cause the trouble to migrate to some other area of the structure. Thus, if 
the crack can not be tolerated from structural consideration, it is best to 
proceed on the basis that on expansion joint should have been provided in 
the structure in the original design at or near the location of the crack and 
that if the designer neglected to provide it, the repair should provide it. 
Whereto the provision of an expansion joint is not possible, some good can 
be done by stitching. 
If the crack does not create an unacceptable condition of over stress it 
should be tolerated and simply sealed.      
 
If Cracks Are Dormant  
As before, first determine if the cracks occur isolated or pattern defects, 
and then decide whether or not it is necessary to restore the tensile strength of 
the concrete across the cracked section. Pattern cracks normally are not 
associated with a condition of positive overstress, and strengthening usually is 
not required. The application methods of repair for each condition are indicated 
in Fig (3.10). Note an epoxy is a good choice since it helps to restore the tensile 
strength across the crack while functioning as a sealer. 
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3.4.1.1 Methods of Repair of Cracking  
3.4.1.1.1 Bonding with Epoxies 
Cracks in concrete may be bonded by the injection of epoxy ponding 
compounds under pressure. Usual practice is to drill into the crack from the face 
of concrete at several locations, inject water to flush out the defect; allow the 
surface to dry; surface –seal the crack between the injection points; and inject 
the epoxy until it flows out of the adjacent section of the crack or begins to 
bulge out the surface seals, jsut as in pressure grouting.  
However, unless the crack is dormant, it will probably recur possibly 
somewhere else in the structure. Also, the technique is not applicable if the 
defects are actively leaking to the extent that they cannot be dried out, or where 
the cracks are numerous.  
 
3.4.1.1.2 Routing and Sealing:  
This method involves enlarging the crack along its exposed face and filling 
and sealing it with a suitable material (Fig3.11 illustrates that). The routing 
operation may be omitted, but at some sacrifice in permanence of the repair. 
Also there is objection that the surface of the sealer will be higher than that of 
the adjacent concrete.  
This is simplest and most common technique for sealing cracks and is 
applicable for sealing both fine pattern cracks and larger isolated defects. The 
cracks should be dormant.  
The sealant may be any of several materials, such as epoxy compounds. The 
routing operation consists of following along the crack with a concrete saw or 
with hand or pneumatic tools, opening the crack sufficiently to receive the 
sealant.    
The surface of the routed join should be rinsed clean, and permitted to dry 
before placing the sealant.  
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         a) Original crack                     b) Routing                           c) Sealing 
 
Fig (3.11) Routing and sealing 
 
 
3.4.1.1.3 Stitching  
The tensile strength of cracked concrete can be restored by stitching Fig 
(3.12) illustrates the method. The following points should be observed:  
• Any desired degree of strengthening can be accomplished, but it must be 
considered that the strengthening also tends to stiffen the structure locally. This 
may accentuate the restrains causing the cracking and reactivate the condition.  
• Stitching the crack will tend to cause the problem to migrate elsewhere in the 
structure. If it is decided to stitch, investigate and, if necessary, strengthen 
adjacent areas of construction to take the additional stress. In particular, the 
stitching dogs should be of variable length and /or orientation and so located 
that the tension transmitted across the crack does not develop on a single plane 
of the section, but is spread out over the area.  
• Where there is a water problem, the crack should be sealed as well as 
stitched so that the stitches are not corroded, because the stitching itself will not 
seal the crack.  
• Stress concentrations occur at the ends of cracks, and the spacing of the 
stitching dogs should be closed up at such location. In addition, consideration 
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should be given to drilling out a hole at each end of the crack to blunt it and so 
to relieve the concentration of stress.  
• The doges are relatively thin and long and so cannot take much in the way of 
compressive force. Accordingly if there is a tendency for the crack to close as 
well as to open, the doges must be stiffened and strengthened by encasement in 
an overlay or by some similar means.(Ref4) 
  
  
  
  
  
  
  
  
  
  
  
  
  
Fig (3.12).Repair of crack by stitching  
 
3.4.1.1.4 External Stressing:  
Development of cracking in concrete is due to tensile stress and can be 
arrested by removing these stresses. Further the cracks can be closed by 
inducing compression force sufficient to overcome the tension and to provide a 
residual. 
The compressive force is applied by use of the usual prestressing wires or 
rode as shown in Fig (3.13). An anchorage for the prestressing wire or rods 
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must be provided, some form of abutment is needed for this purpose, such as a 
strong back bolted to the face of the concrete, or the tendons can be passed 
through and anchored in connecting framing . The effect of the tensioning force 
on the stress conditions in the structure should be analyzed.  
 Slab   Crack    
 
 
Tension Tie  
 Tie rod tensioned by 
torturing nuts (or using 
turnbuckles )      
a) To Correct Cracking of Slab      
 
Fig (3.13) Example of external stressing 
 
3.4.1.1.5 Grouting: 
           Grouting of cracks can be performed in the same manner as the injection 
of an epoxy, and the technique has the same areas of application and the same 
limitations. However, the use of an epoxy is the better solution except where 
consideration of fire resistance or cold weather prevents such use, in which case 
grouting is the comparable alternate.  
The procedure consists of cleaning the concrete along the crack, installing built–
up seats at intervals astride the crack (to provide a pressure–tight content with 
injection gun); sealing the crack between the seats with a cement paint or grout; 
flushing the crack to clean it and test the seal; then grouting the whole .The 
grout itself is high early strength Portland cement, used neat. (Ref 4) 
     
3.4.1.1.6 Overlays  
          Overlays may be used to seal cracks and are very useful and desirable 
where there are numbers of cracks and treatment of each individual defect 
would be too expensive.  
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• Active cracks. Sealing of active cracks by use of an overlay requires that the 
overlays be extensible. Note the designation extensible not flexible. The 
occurrence of a crack automatically means that there has been elongation of the 
surface fibers of the concrete. Accordingly, an overlay which is flexible but not 
extensible (i.e., can be bent but cannot be stretched, will not seal a crack that is 
active.  
• Dormant cracks. If the cracks are dormant , almost any type of overlay may 
be used, provide that it will take the traffic to which it is subjected and that it is 
either adequately bonded or thick enough so that curling due to differential 
deformations is not a problem. (Ref 4)  
 
3.4.2 Repairing Spalling and Disintegration:  
                Repair of a structure showing spalling and disintegration is an entirely 
different matter than repair of cracks. Here it is usual to find that there have 
been substantial loss of section and /or pronounced corrosion of the 
reinforcement. Both are matters of concern from a structural viewpoint, and 
repair generally involves some urgency and some requirement for restoration of 
lost strength. This is an important difference and must be borne in mind when 
considering application of the techniques of repair.  
             The principal methods used for repair of spalling and disintegration are 
jacketing, use of pneumatically applied mortar, prepacked concrete, dry pack, 
replacement of concrete and the application of overlays of several types. The 
procedures are as the follows:  
 
3.4.2.1 General Requirement:  
3.4.2.1.1 Preparing the surface of the concrete which is to be         repaired. 
Removal: Removal all unsound, damaged, fouled, porous or otherwise 
undesirable concrete. Where it is not obvious that sound concrete has been 
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reached, a rule of thumb in common use is that concrete which is difficult to 
remove is good concrete. (Ref 4) 
Shaping the Hole: Where repair is confined to relatively narrow or small, deep 
areas along cracks when filling holes left by form ties, or general, where a 
relatively small cavity is to be filled by hand using mortar-and the limits of the 
cavity should be undercut to lock the repair into place Fig (3.14).     
For large areas and where repair is to be use of pneumatically placed 
mortar, the edges of the area to be repaired should not be undercut but should be 
cut back sharp, perpendicular to the face of the existing concrete surface, and at 
least 2.5 cm deep.  
           For vertical surfaces, where the hole is deep and large enough to warrant 
repair by filling with new concrete, the edges at the sides and bottom of the 
repair area should be cut normal to the concrete surface with the top edge sloped 
about 3:1 to permit placement of the concrete without forming avoid or air 
pocket at the top of the repaired area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
49 
 
  
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig (3.14). Preparing the surface of the concrete which is to be repaired (shaping the 
hole) 
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to lock pack place,  
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W
   
   
Crack before chipping    
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1- Cracks       
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Cleaning the Surface: That surface of the existing concrete which is to be 
bonded to the new work should be cleaned and moistened just prior to 
placement of the new concrete or mortar. Preliminary cleaning is use of 
sandblast and wire brushing. (Ref 4)  
Moistening the Surface: After cleaning, the surface to be repaired should be 
saturated and then allowed to approach dryness just before placing the new 
concrete.  
Saturation can be accomplished by spraying or by backing the holes to be 
repaired with wet burlap damp by accessional sprinkling.  
The spray should be stopped and /or the burlap removed an hour or two 
before placing the new concrete. As the surface is dry, it should be given a slush 
coat of mortar having the same proportions as the matrix of the replacement 
concrete. (Ref 4) 
] 
3.4.2.1.2 Existing Reinforcement:  
         Existing reinforcement which is to be incorporated into the new work 
should be cleaned of all corrosion, oil and dirt. Much of this will be 
accomplished by the sandblast or wire brush used to clean the concrete surface. 
If new reinforcement is to be added, we should remember that the existing 
reinforcement, if it has not broken, is still carrying load. If possible, leave it in 
place. Also, if the load on the structure is no relieved, the new reinforcement 
added to the structure will carry a lesser stress than existing bars, and the 
concrete stresses will have to increase in order for the new bars to participate in 
the action of the structure.  
 
3.4.2.1.3 Inspection Before Placing new concrete      
 The specification for the new work should provide for the inspection and 
approval of the condition of the existing concrete surface before new concrete 
may be placed.  
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3.4.2.1.4 Compatibility of Material and Section  
        We should not attempt to repair a structure with materials which are 
dissimilar to those in existing structure unless provision is made to tie the new 
and existing matrices together. (Ref 4) 
3.4.2.1.5 Requirement for Good–Quality Concrete and Mortar Particular 
attention to the following:  
• Should not use more cement than is needed for strength. Cement is rather 
like medicine, in that the proper amount is helpful whereas too little or too 
much may be ineffective or even harmful.  
• Select clean, stable aggregate, and use largest aggregate that can be placed in 
the new concrete section. This will tend to reduce water/ cement ratio.  
• Be absolutely insistent on proper cleaning and placement of reinforcement 
and on removal of all existing concrete which is unsound. 
• Control the temperature of the materials and immediate environment during 
placement and curing.  
3.4.2.1.6 Cover  
The deterioration to be repaired probably will be due in some degree to 
insufficient cover. Be sure that the cover provided in the new work conforms to 
the requirement. (Ref 4)  
 
3.4.2.1.7 Admixtures  
The use of admixtures is an important factor in the repair of concrete 
structures, much more so than in conventional concrete work. This is because 
the repair is usually a thin section, exposed in an aggressive environment. The 
principle admixtures required for use in repair work are air entrainment agents, 
retarders, accelerators and water proofing admixture.  
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3.4.2.2 Methods of Repair Spalling and Disintegration  
3.4.2.2.1 Pneumatically Applied Mortar  
 Its used for the restoration of concrete surface where the deterioration is 
relatively shallow .It can be used vertical and over head as well as  on horizontal 
surfaces and is particularly useful for restoring surfaces spalled due to corrosion 
of the reinforcement. 
 
Description 
 Pneumatically applied mortar is a mixture of Portland cement, sand, and 
water, shot into place by compressed air. In structural applications, the sand and 
cement are mixed dry in a mixing chamber and the dry mixture is then 
transferred by air pressure along a pipe or hose to a nozzle. Water is added to 
the mixture by passing it through a spray injected at the nozzle.  
It is difficult to specify mix proportions for pneumatically projected mortar 
because of uncertainties and variations in the amount of rebound, because of 
difficulties in making representative test cylinder, and because there is little 
control over the water cement ratio of the materials in place. As a rough 
estimate  w/c ratio of (0.5to 0.6) ,and the proportions required for the mix are 
fed to the mixer 3:1 or 3.5 : 1 mix, by volume. An air entraining agent or 
cement is used. (Ref 4)  
 
Applications:  
In general, pneumatically applied mortar is used for relatively thin 
coating, up to 7cm, occasionally more and for the repair or coating of relatively 
large area. Small area usually is more economically repaired by mortar placed 
by hand.  
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The applicants of this material are numerous and include protective 
coating for steel, masonry linings, encasement of exposed reinforcement and 
filling out spalled areas.  
Mesh and anchor bolt should be provided to distribute the cracks in the 
new work and to keep the new work in intimate contact with the surface being 
repaired. They also serve to keep cleavage plane at the interface closed. (Ref 4) 
 
3.4.2.2.2 Replacement of Concrete:  
            This method consists of replacing the defective concrete with new 
concrete of conventional proportion, placed in a conventional manner. Its an 
economical solution where the volume of material to be replaced is relatively 
large, where the repair occurs in depth (at least beyond the reinforcement) and 
where the area to be repaired is accessible.  
     Repair by replacement is particularly indicated where a watertight 
construction is required and where the deterioration extends completely through 
the original concrete section.  
         If economically justified, replacement of the concrete is probably the best 
of the several methods of repair at least insofar as durability and soundness of 
the repaired work are concerned. The new section can be reinforced and made 
self–sustaining. By proper construction and contraction joints, using water stops 
where required, the repair can be rendered substantially watertight.   
          Piers, walls in hydraulic structures and similar heavy structures above 
grade and water level are the usual area of application. (Ref 4) 
Forms:  
• For open forms (for example, for repair to horizontal surfaces and top of 
walls) no special   features are required other than that forms should be mortar–
tight and closely fitted to prevent leakage which would result in honey comb 
and sand streaking.  
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• For closed forms (for example, replacing or patching a section of vertical 
wall remote from the top of the wall) it is feasible to give the concrete plug a 
(force fit) by applying pressures to  the forms by use of a pressure cap in the 
chimney used to fill the form. See  Fig ( 3.15). Tight form essential. (Ref 4) 
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Fig (3.15) Replacement Concrete –use of Pressurized Form 
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Placing and Curing  
When concrete is being placed in a vertical. closed form more than 0.5 
meter high, placement should be in lifts not exceeding 0.3 meter , and the forms 
should be constructed in horizontal sections to permit such placement.  
Provide sufficient opening of adequate size in the forms so that it is not 
necessary to run the concrete horizontally in order to fill the form. For wall and 
similar structures, the vents or chimneys should run the full width of the cavity.  
Conversional curing procedures   are applicable.  
3.4.2.2.3 Overlays  
Overlays may be used to restore a spalled or disintegration surface or to 
protect the existing concrete from further attack by aggressive agent in its 
environment. Overlays used for this purpose include concrete (or mortar), 
bituminous compounds, and epoxies and should be bonded to the existing 
concrete surface. (Ref 4) 
Applications  
An overlay can do much to inhibit attack from aggressive agents in the 
environment around the concrete, but is useless against internal attack due of 
chemical reaction and deterioration due to thermal strain. 
Except for heavy plastic coating (such as bitumen), an overlay should not 
be used where water tightness is required (i.e. as a substitute for membrane or 
similar water proofing).  
        When overlay is used to repair spalling or disintegration, an overlay is 
usually considered, not as a structural repair, but as a means for prolonging the 
life of the underlying concrete section. For example, in any repair job involving 
resurfacing of extensive area where the concrete cover has spalled, there will be 
ample areas which are still relatively sound with only occasional cracks or 
spalls.  
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Some of these areas may contain excellent concrete. Most will be just a 
little better than neighboring areas which have spalled and will themselves spall 
in a few years. Any attempt to repair these areas now would require chipping 
relatively hard concrete and would cost a great deal. From an economic 
standpoint it may be better to let the area deteriorate, provided that it will not 
collapse, and repair it later. (Ref 4)  
 
Materials  
• Pneumatically Applied Mortar: This method is frequently used. The 
thickness should be at least 2.5 -3.5 cm depending on the severity of the 
exposure conditions, the thickness which can be placed in single layer, and the 
cost. 
• Epoxy resins: Epoxy resins are organic compounds, which activated with 
suitable hardening agents, form strong, chemically resistance structures having 
excellent adhesive proprieties.      
The epoxy resin may be used as an adhesive to bond a patch consisting of 
Portland cement concrete or may be substituted for Portland cement and used as 
binder in the new batch. (Ref 4) 
  
3.4.2.2.4 Protective Surface Treatment 
 The durability of concrete can be substantially improved by preventive 
maintenance in the form of weatherproofing surface treatment. These treatments 
are used to seal the concrete surface and inhibit the intrusion of moisture or 
chemical. Well–designed structures made with top quality concrete do not 
require such treatments, but considering how easy it is to get something less 
than top quality in concrete and that surface treatments are relatively 
inexpensive, they are generally regarded as good insurance and are in common 
use. However, care must be taken not to use surface sealants where such use 
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would seal moisture into the concrete by preventing the evaporation of water 
penetrating from unsealed surface. In such case the sealant would do more harm 
than good and this condition must be scrupulously guarded against. (Ref 4) 
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Chapter Four 
Study Cases  
 
4.1 Introduction 
     Port Sudan is subject to harmful environment where the temperature is raised 
up to 46C in summer season, and relative humidity up to 85% as well as poor 
concrete construction. Therefore serious deteriorations in concrete structures 
resulting form corrosion damage occur. As it was mentioned earlier the 
objective of this work is to study the causes of deterioration in concrete 
structures in this area (i.e. coastal areas). The study was performed by collecting 
data based on direct contact with different persons related to construction 
industry and owners of buildings in the area. Three cases were selected for 
study and investigation.     
 
4.2 The Questionaire 
     A questionaire was designed to evaluate the performance of concrete 
structure's process and to show the information of structure's cycle, including 
the designer, construction condition, percentage of deteriorated structures, type 
of deterioration, and structural member deteriorated as well as number of 
rehabilitations in the last 10 years and the rehabilitation procedure. Samples of 
the questionnaire are shown in appendix A. 
 
4.2.1 Questionnaire Results  
      About 108 samples of structures were taken from different regions in Port 
Sudan and the results revealed that 41.67 % of samples revealed deteriorated 
structures as in Fig (4.1). The region of Althaora, Hadal, and Hialkhaleeg are 
the most suffering area. Corrosion of steel reinforcement is a major cause of 
concrete deterioration where 75.5 % of deteriorated samples showed cover 
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spalling and 66.67 % present longitudinal cracks parallel to steel reinforcement 
as illustrated in Fig (4.2). Slabs are the most suffering members 76 %, while 
columns represent 38 %, and walls 64 % as shown in Fig (4.3). 
    45.37 % of samples were designed by unqualified designers and 60.19% were 
constructed also by unqualified contractor. See Figs (4.4) and (4.5).  Moreover 
68.89 %of rehabilitations were improper and this lead to annual maintenance 
where 55.56 % of rehabilitation was repeated 4 to 6 times in last 10 years. See 
Figs (4.6) and (4.7).  
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Fig (4.5) Construction Condition
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Fig (4.7) Number of Rehabilitation in the last 10 years 
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4.3 Methodology of Study Cases  
 
         As illustrated from questionnaire there is a serious problem in concrete 
structures, the majority were constructed   as load bearing from cement hollow 
blocks (20*20*40cm), and the roof was reinforced concrete slab with beam.  
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        The aim of the study cases was to determine the causes of deterioration and 
proposes of the preventive measures. In order to achieve this investigations 
were performed including visual assessment, which can assist in locating and 
recording the type, extent and severity of stress deterioration and damage. Also 
nondestructive tests and laboratory tests were carried out to supplement the field 
test. Three deteriorated structures in Althaora, Hadal and Hialkhaleeg were 
taken as study cases. 
Flow chart in Fig (4.8) represents the steps of methodology to determine the 
reasons of corrosion damage.  
  
4. 3.1 General Information of Samples 
            Sample one is a building in Althaora. It was constructed in 1981 from 
reinforced concrete, the building was repaired every two years approximately, 
and lately reinforced concrete roof was replaced by a jack arch consisting of 
brick and universal beam. 
Sample two is a house in Hialkhaleeg constructed in 1983. Part of it showed 
complete failure and the other presented serious deterioration such as cover 
spalling and a bar rust. Inspite of this there is a family living in it. 
Sample three is a building in Hadal which was constructed in 1978 as load 
bearing from cement hollow blocks and the roof is reinforced concrete. The 
building was subject to failure in 2001.   
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 Visual Assessment 
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Fig (4.8) Methodology of study Case to 
determine the Reasons of Corrosion  
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4. 3.2 Field survey &Visual assessment 
 The main objective of filed survey and visual assessment is inspection of 
the existing condition, primary assessment of the problem and obtaining the 
field laboratory test. 
Filed assessments carried out were as follows:- 
• Type of deterioration 
• General observation  
• Environment and preventive measures 
• Procedure of rehabilitation  
 
 4. 3.2.1 Type of Deterioration  
Condition survey and visual assessment presented severe corrosion 
damage which occurred on columns, beams, and slabs. The investigations 
showed that some bar rusts have seeped on some member, and longitudinal 
cracks occurred parallel to steel reinforcement and rust staining. In some 
position particularly in slabs, covers spalled and steel was exposed. Even some 
concrete covers totally droped and only corroded bars were left.  
 
4. 3.2.2 General Observations  
General observations showed that the member surface was coarse and 
concrete was not dense enough, especially on the surface of the roof. More over 
the slopes were very poor to rain drainage. Ground water near the level of 
foundation base.  
Water marks in walls were observed and raised up to about 1to1.5 meters 
above ground level, and salts remained, photo (4.1) to (4.16) shows that. 
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  photo (4.1) Case I. Cover completely spalling, building constructed 1981 
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 Photo (4.2) Case I. Note the corroded bar 
  
 
   
 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
  
  
  
 
  
  
Photo (4.3) Case I. Note disintegration in wall, water mark and salt 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo (4.4) Case I. Replace reinforced slab and concrete block by jack arch and 
brick work  
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Photo (4.5) Case 2. Note cover spalling and longitudinal crack in beam 
 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 
 
Photo (4.6) Case2. Disintegration in wall 
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Photo (4.7) Case 2. Cover spalling and corrosion present in reinforcement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
Photo (4.8) Case2. Note longitudinal cracks in columns  
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Photo (4  to repair 
  
  
  
  
.9) Case 2. Cover spalling and owner has no ability
 
 
 
 
 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Photo (4.10) Case 2. Initial failure of slab, the owner living in part of the house  
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Photo 4.11 case 3 ,Note, bar distribution in beam, building constructed in 1978  
  
 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Photo (4.12) Case 3. Note disintegration in wall, and water mark   
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Photo (4.13) Rehabilitation procedure. Note poor compatibility between old and 
new concrete  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Photo (4.14) Rehabilitation procedure. Note they neglect cleaning of rust bar   
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Photo (4.15 alts in wall   ) Form Field survey in Althaora. Note s
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Photo (4.16) Form Field survey in Althaora. Note water level up to1.5m   
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4. 3.2.3 Environment and Preventive Measurement  
According to data from Sudan Meteorological Authority Port Sudan station 
the temperature rises up to 46C in summer season and relative humidity to 
80%.Inspite of this no protective coating was used except in sample 2 (in Hi 
alkhaleeg case ) where the foundation although it was painted by bitumen yet it 
was eroded.  
 
4. 3.2.4 Procedure of Rehabilitation  
       Other problems were evident during the visual inspection. The poor 
procedure of rehabilitation of the deteriorated structures resulted from no study 
of the causes of the problem before repairing, just they used cover with mortar, 
without cleaning the rust bar or replacement decreasing in bar size and care to 
compatibility of material. 
 
4.3.3 Field test 
     Nondestructive tests were conducted to investigate the causes of 
deterioration. These tests included:-  
• Schmidt hammer test            
• Carbonation depth           
• Cover survey          
 
4.3.3.1 Schmidt hammer 
       Quality of concrete is usually taken to mean its strength and durability, 
although other properties such as resistance to deformation and shrinkage are 
significant in structural behavior. In general most of the properties of concrete 
improve with increasing strength. For this the quality of concrete is often judged 
by its strength.  
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      Schmidt hammer (rebound hammer) test was carried out to determine and 
evaluate the strength of deteriorated concrete structures and compare it by good 
(well) structures. To achieve this 6 tests were made as illustrated in Table (4.1). 
    
       TABLE (4.1) EBOUND HAMMR TEST RESULT 
STRUCTURE 
STATE 
 
STRENGTH IN 
COLUMN 
(N/mm2) 
STRENGH IN 
SLAB  
(N/mm2) 
SAMPLE 
Deteriorated 25  23 1 
Deteriorated  27 18.5 2 
Deteriorated  26 20 3 
Good 35 30 4 
Good  34 31 5 
Good  40 41  6 
 
 
4.3.3.2 Carbonation Depth 
          Carbonation depth was measured by spraying fresh fractured surface of 
concrete with phenolphthalein indicator. Phenolphthalein remains clear where 
concrete is carbonated but turns pink / purple when concrete is still strongly 
alkaline (PH>9). Table (4.2) shows the carbonation depth for 6 samples, 3 of 
them are deteriorated structures and others are good (well) structure. 
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TABLE (4.2) BONATION DEPTHS 
NOTES STRUCTURE 
STATE 
CARBONATION 
DEPTH (mm) 
SAMPLE 
All cover 
carbonated 
Deteriorated 22 1 
All cover 
carbonated 
Deteriorated 25 2 
All cover 
carbonated 
Deteriorated 24 3 
Cover partly  
carbonated 
Good 13 4 
Cover partly  
carbonated 
Good 15 5 
Cover partly  
carbonated 
Good 2 6 
 
 
 
4.3.2.3 Cover Survey 
      Cover required to protect the reinforcements against corrosion depends on 
exposure condition and quality of concrete as placed and cured immediately 
surrounding the reinforcement. 
Questionnaire present that 45.89 %of the structure were designed by unqualified 
designers and 60.19 % were constructed also by unqualified contractors, 
therefore we checked the covers of three samples of the deteriorated structures, 
and three of good (well) structures Table (4.3) illustrate that. 
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TABLE (4.3) COVER SURVEY 
STRUCTURE'S 
STATE 
COVER  
(mm) 
SAMLE 
Deteriorated 23 1 
Deteriorated  20-25 2 
Deteriorated  19 -24 3 
Good 31 6 
Good 33 7 
Good  40 8  
 
 
4.3.4 Laboratory Test 
    Laboratory tests were carried out to supplement field test including  
• PH value  
• Chemical analysis       
i- Chloride and sulphate content in concrete   
ii- chloride and sulphate content in construction material        
iii- chloride and sulphate content in soil        
 
 
 
 4.3.4.1 PH -Value    
High PH–values (PH 12.5–13) provides protective coating of oxides and 
hydroxide on the surface of the steel reinforcement. Without this layer which is 
known as passive film, reinforcement would be exposed to the air and moisture 
in the pores, leading to rapid corrosion. 
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PH measurement assists in determining concrete ability to protect the 
reinforcement steel from corrosion activity. Three samples were taken from 
deteriorated structures and the results are shown in Table (4.4).  
  
Table (4.4) Show PH Values  
PH - VALUE SAMPLE 
8.2 1 
8.1 2 
8.63 3 
 
4.3.4.2 Chemical Analysis  
4.3.4.2.1 Chloride and Sulphate Content in Concrete Samples                         
              Chloride exists in concrete as both bound and free ion, but only free ion 
chloride directly affects corrosion. Therefore samples from deteriorated 
structures were taken and chemical analyses were made from different levels to 
represent chloride and sulphate content according to BS1377. The results are 
shown in Table (4.5), Fig (4.8), Fig (4.9) and Fig (4.10).  
 
Table (4.5) Chloride and Sulphate Content in Concrete Samples 
Sulphate content % Chloride 
content % 
Level 
(mm) 
sample 
 
0.0068 
0.857 
0.786 
0.713 
0-5 
10-15 
20-25 
1(Althaora) 
 
0.0077 
1.589 
0.9393  
0.9748 
0-5 
10-15 
19-25  
2(Hialkhaleeg) 
 
0.037 
2.0594 
1.7659 
1.4285 
0-5 
10-15 
20-25  
3(Hadal) 
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4.3.4.2.2 Chloride and Sulphate Content in Constituent Material                       
        Also chemical tests were carried out to constituent materials including two 
samples of fine aggregate and three samples of water used for making concrete, 
Table (4.6), and Table (4.7) illustrate the result. 
 
Table (4.6) Chloride and Sulphate Content in Fine Aggregate  
Sulphate content % Chloride content % Sample 
0.167 0.063 1 
trace 0.0125 2 
  
Table (4.7) Chloride and Sulphate Content in Water 
Sulphate content % Chloride content % Sample 
0.167 0.066 1 
0.127 0.086 2 
0.117 0.09 3 
                      
4.3.4.2.3 Chloride and Sulphate Content in Soil  
            From questionnaire and visual assessment, Althaora and Hadal are the 
most suffered regions and the water table was near to the foundation  level and 
alternate in different season to ground surface particularly in Althaora, for this 
reason chemical analysis were made to soil and result shown in Table (4.8 )     
Table (4.8) Chloride and Sulphate Content in Soil  
Sulphate content %  Chloride content %  Sample  
1.060 2.99 1 
0.274 2.465 2 
  
 
 
82 
 
  
 
   
Chapter Five 
Analysis and Discussion of Results of Study Cases  
5.1 Introduction  
This chapter consists of analysis of the questionnaire results and 
correlation between them and the deterioration of concrete structures. 
Also the study cases were analysis and compared with the field and 
laboratory tests with BS 8110 requirements as well as discussing the procedure 
of rehabilitation and suggesting the proper procedure to repair the structures. 
5.2 Analysis of Questionaire Results:  
Chapter Three section 3.2.1 presents that (41.67%) of samples are 
deteriorated and have the same symptoms which are present in corrosion 
damage and disintegration in wall as photos illustrate. Corrosion damage pattern 
includes cracks and cover spall, and this is high rate, the main reasons are lack 
of experience and absence of qualified team in structural cycle, which was clear 
from the fact that (45.37%)of samples were designed by unqualified designers 
and (60.19%) were constructed by foremen. These are direct reasons of 
deterioration because the designers and constructers didn't consider the harmful 
environment. This appeared in the field survey and visual assessment which 
showed inadequate cover, poor slope in roof, low strength of concrete and no 
any protective measures to prevent the harmful environmental attacks.  
Roof slab was the most suffering member, (76%) of sample was 
damaged, when compared with column (38%) and wall (64%) and this is 
because it was subjected directly to harmful environment, and had less strength 
when compared with column as illustrated in Chapter Three Table (3.2), 
because the procedure of construction was very poor. Manual compaction was 
used, and in columns,  gravity lead to better compaction than slab, also most 
columns are internal members and therefore less subjected to harmful 
environmental. 
83 
 
  
 
   
 Walls were disintegrated because they were made with cement blocks, 
and water table near foundation, it is raised by capillary action with high salt, 
the result is disintegration as it was discussed in Chapter Two sections 2.2.2 and 
2.2.3.  
Procedures of rehabilitation were very poor, they didn’t study the main 
reasons of deterioration before repairing; just they replace the spalling cover by 
new mortar, no cleaning for rust bar, no care to compatibility between old and 
new material, and not selecting the suitable method of repair. All these lead to 
annual maintenance as questionnaire showed in Chapter Four Fig (4.6) where 
(55.5%) of deteriorated samples were repaired 4 to 6 times in the last 10 years.          
 
 
5.3 Analysis of Corrosion Damage 
5.3.1 Mechanism of Corrosion Damage  
Site investigations and laboratory tests showed that corrosion damage of 
the cases studies in (Althaora, Hialkhaleeg and Hadal) were affected by chloride 
ion (Cl ) penetration, carbonation process, poor construction quality and 
improper design under harmful environmental.  
−
Chemical analysis tests on concrete samples showed that the concrete was 
heavily contaminated by chloride to depth much deeper than the reinforcement 
position. The chloride content was greater than the threshold of 0.4% as stated 
in BS8110 section six Table (6.4) (Table in appendix B). Therefore the 
reinforcement corrosion was caused by chloride ion (Cl − ). 
Chemical analysis tests in Chapter four Table (4.6) and Figs (4.8, 4.9, 4.10) 
show that chloride ion (Cl ) reduces with depth and this illustrated the fact that 
the chloride ion (Cl ) penetrates form outside (surrounding environment). As 
further check chemical analysis was carried out on constituent materials from 
the source, (Aggregate and water), the results showed, low content of chloride 
ion (Cl ) as illustrated in Tables (4.6) and (4.7) in Chapter Four.  
−
−
−
 Chloride ion (Cl ) penetrates to the surface of reinforcement of concrete −
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and it damages the passivity surface to make the reinforcement corroded.  
Besides chloride ion (Cl ) penetration the corrosion damage is also due to 
carbonation process, as shown from carbonation test, Table (4.3). Chapter four 
shows the extent of carbonation to the reinforcement, also the alkalinity of 
concrete was checked by measuring the PH–value Table (4.4) Chapter Three, 
and the test results presented a low level PH
−
≤9. Therefore the steel 
reinforcement becomes depassivated and with presence of moisture (from high 
humidity, up to 80%) and oxygen, corrosion is initiated and proceeds.  
With corrosion product increasing, tensile strength of concrete around the 
reinforcement reaches the critical value and cover cracks at the position of the 
reinforcement. After concrete cover cracking, Cl −  act O2 and H2O directly on 
the reinforcement. Therefore, reinforcement corrodes in high speed. This 
process is accelerated and forms a vicious circle.  
5.3.2 Effect of Environment:     
Chloride ion (Cl ) penetration and carbonation process are the direct 
reasons of reinforcement corrosion. From this research it can be concluded as 
follows: Reinforcement corrosion in concrete caused by Chloride ion (Cl ) and 
carbonation, besides water, needs other two conditions: the first condition is the 
accumulation of Chloride ion (Cl
−
−
− ). And the second condition is oxygen supply. 
Corrosion will occur only when these conditions are satisfied. And according to 
data coming from Sudan Meteorological Authority Port Sudan station in 
appendix B, and the location of Port Sudan near Red Sea, Cl can easily reach 
the critical value coming with spindrifts of sea water and salt. A high 
environment temperature and wind can increase Cl
−
−diffusion speed in concrete. 
Water in concrete pores is easy to evaporate with high temperature and oxygen 
and can reach the bar surface directly because of wet and dry alternation. 
Higher environment humidity has enough damp to ensure chemical 
reaction process, decrease concrete resistance, and speed corrosion process.  
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5.3.3 Effect of Construction Quality: 
From investigation and tests it was found that, poor concrete construction 
quality was the main reason of the reinforcement corrosion, and concrete 
strength was very low, and control to constituent material percentage in mixing 
was poor. Moreover they used ordinary Portland cement in foundation inspite of 
high sulphate content in soil. 
 Poor density of concrete, high permeability and raised ground water, all 
these lead to water raised by capillary action, containing salt solution and this 
contributes to breaking down concrete as described in Chapter two.  
Concrete cover was variable and very small when compared with 
required cover depth to meet durability  
5.3.4 Effect of Design Quality:             
          Small design concrete cover and low strength are the important reasons of 
reinforcement corrosion. It is specified in BS8110 specification part 1 section 
three Table (2.4) that minimum cover depth for severe and very severe 
conditions to meet durability is 40 mm with minimum cement content 325 kg 
and strength 40N /mm2. Cover survey showed in Chapter four Table (4.4) the 
maximum concrete cover depth was 25mm and this is 62.5% of the 
requirement, also strength is very low, the maximum strength was found in case 
two in Chapter four Table (4.1) to be 27N/mm2 which is 67.5 % of the 
requirement.  
Foundation was designed and constructed  by Ordinary Portland cement, inspite 
of the chemical test of the soil which showed sulphate content 1.06 in Althaora 
and 0.274 in Hadal and this requires sulphate resistance Portland cement 
(SRPC) as stated in BS8110 specification part 1 section six Table 6.1 ( Table 
added in appendix B ). Also, there was no any protection such as coating or any 
water proof coat, and this accelerated the chemical attack. 
Moreover in the roof there was no any protection against water and the 
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discharge was very poor, and not satisfactory to discharge rain water.  They 
built only Khafja, no tile or other protection, and this lead to water penetrating 
inside concrete which played an important role to corrosion and this was why 
the slabs were the most affected members.     
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Chapter Six 
Conclusions and Recommendations 
 
  
6.1 Conclusions: 
  
From this study the following conclusions may be made:  
 
• Concrete buildings in Port Sudan are corroded heavily, where (41.76%) 
of concrete structure were deteriorated and corrosion is still developing. 
Corrosion damage pattern includes cover cracking along the steel bars 
and cover spalling.  
• Corrosion damage result of several factors. Chloride ion (Cl − ), and 
carbonation process are the direct reasons of the reinforcement corrosion 
in concrete.  
• Poor concrete construction quality, low strength(67.5% of required) and 
small cover depth of structure members(62.5% of required) are important 
reasons of reinforcement corrosion. 
• High temperature(46C), humidity(80%), sea wind also affect 
reinforcement corrosion in concrete.    
• Soil content high sulphate (over than 0.2%) and this requires sulphate 
resistance cement but it was not used.  
• The ground water is very near to the ground surface in Althaora and 
inspite of this, no any protective measures were used. this lead to 
disintegration in walls by capillary action of water which contains salts.     
• Poor discharge to rainwater from roof slabs. 
• Poor procedure of rehabilitation, as well as poor study of the problem 
leads to annual repair where 55.56%) of rehabilitation was repeated 4 to 6 
times in last 10 years.    
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6.2 Recommendations 
 
 
To ensure durability of concrete structures, under the harmful environment, 
the following specifications should be followed: 
 
•  Concrete construction quality, especially cover depth, concrete mixing 
and concrete placing, should be guaranteed.  
 
•  Concrete consistence should be improved by controlling cement content 
and w/c (water cement ratio). 
 
•   It should be strictly complied with current corrosion prevention 
technical specifications for concrete structures. 
  
• In foundation; the protection against sulphate attack can generally be 
obtained by the following:  
 
(i) use of dense high quality concrete with a low water cement ratio;  
(j) use of sulphate resistance cement, 
(k)  Protect foundation by preventive coating.  
 
• Designs should satisfy drainage to discharge the rainwater.  
 
• Ministry of Physical Planning and Public Utilities has to study the 
technical problems concerned with buildings and constructions. The 
ministry has to play its role in studying the problem and give 
recommendations for engineers and contractors for overcoming such 
proble 
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6.    3 Recommendations for Future Studies: 
• Future study on material sources should be carried out and suitable 
location for construction materials should be determined in Red Sea area.  
• Different admixtures to concrete can be studied and tried in Red Sea area 
and their behavior in this environment should be observed. 
• New techniques in prevention of corrosion such as bar coating using 
different epoxy resins and Fiber reinforced polymers (FRP) as a 
reinforcement can be studied.     
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